Backloud
Current PAN-based and pitch-based graphite fibers are achieving substantial improvement in strength largely through reduction of the fiber diameters. On the one hand, the smaller fiber diameter limits the maximum flaw size, thereby contributing to the strength increase. On the other hand, the smaller fiber approaches a geometrically true weakest-link-of-chain configuration, therefore causing a concurrent increase in variability. A strength scatter of 20 to 25% is not uncommon for current graphite fibers. Ordinarily, such high variability would render them unsuitable as an engineering structural material. However, the addition of a matrix binder causes a dramatic reduction in scatter to around 4% (for polymeric matrix composites).
The mechanism for the scatter reduction ies in the local structural redundancy provided by the matrix binder resulting in a sequential failure process rather than a catastrophic failure process. The sequential failure process is initiated by failure of weak fibers at very low load (as low as 15% of the ultimate load).
Through the adhesion of the matrix binder, the loads carried by these weak sites are transferred to neighboring fibers, thereby forestalling catastrophic failure of the entire composite. In fact these earlier fiber failures are not detectable except by acoustic emission detection instruments. Upon further load increase, more and more of the weak lower tail fibers fail leading to an increase in the spatial density of the failure sites and the companion increase in the probability of occurrence of condguous failure sites. The contiguous fiber failure sites give rise to stress concentrations; the most severe of which causes ultimate catastrophic failure.
This sequential failure process caused by the micro-redundancy due to the presence of the matrix was qualitatively noted by Rosen versus measured specimen strengths. The linear appearance of the data in this representation suggests a two parameter Weibull distribution model where the probability of failure is given by
where O" = strength, scale parameter (relatable to the mean strength), and a = shape parameter (relatable to the variability) which is the slope in Fig. 1 .
The good fit of the data to the Weibull model substantiates that the single filament fiber strength is well approximated by a weakest-link-of-chain process. From these data representations, we can observe (by noting the left-hand intercept of the curve with the ordinate) that at a stress level approximately 25% of mean strength (fiber stress 5 g), the probability of fiber failure is 10-'. This is equivalent to a failure density of one fiber per cm 2 of a single layer of lamina [typically 0.0127 cm (.005 in.) thick]; a rather startling numbers of failures at such low stress level.
The scatter reducing effect of the matrix is demonstrated (in Fig. lb) by the str'ngth of graphite/epoxy composite strands, that is, epoxy impregnated tows of the same graphite fiber. A dramatic reduction of variability can be observed through the slope increase (or rotation to vertical) of the strength distribution curve. As a result of this rotation, the probability of failure (at 25% mean stress) is reduced from 10-3 to 10-"; a five orders of magnitude improvement as a result of the microredundancy provided by the matrix.
An important practical consequence of the strength variability is the strength dependency on the physical volume of a structure. The larger the volume, the higher the probability of encountering a fatal flaw, therefore the lower the mean strength. It follows that the larger the materials strength variability, the more severe the size effect. For the materials database presented in Figs. 1; given the fiber without matrix, an increase of physical size by 10' (that is, from a single layer 1 cm 2 lamina to 10 layer 3 m 2 laminate) would result in an expected decrease of mean strength by 90%! However, with this polymeric matrix, because of the reduction of scatter (the shape parameter CI increases from 5.8 to 17.5), the expected decrease in mean strength (for the same size increase) is 45%. Table 1 summarizes the materials performance in the fiber form and that in the composite form with a polymeric matrix. From this comparison, it is evident that high performance fibers can be a viable structure material only when used in conjunction with an effective matrix binder. The variability of composite and structure reliability in strength and life has been investigated by Phoenix and Wu [6) . The parametric roles of the statistical properties of the fiber and matrix and their interacted contribution to the composite properties must be qualitatively assessed. We can assess the dominating parameters through our understanding of the sequential failure process.
1.
The demand on the matrix performance is inversely proportional to fiber variability. In the ideal limiting case where fiber strength has no variability, all fiber fail simultaneously, and no matrix load sharing will be needed.
2. The matrix effectiveness is proportional to the ratio of matrix-strength to fiber-strength (' /aAo) so that the load sharing can be maximized.
3. Matrix effectiveness is proportional to the ratio of matrix-shear modulus to fiber modulus (G.IE,) so that the ineffective length around the failure site can be minimized.
4. Matrix effectiveness is proportional to the ratio of matrix-ultimate strain to fiberultimate strain (e/I,) so that stress singularity around the broken fiber will not be a catastrophic crack initiation site. We compare the typical values of these dominating parameters for typical polymeric matrix and aluminum matrix in Table 2 .
From this comparison, we observed that aluminum matrix excels in all of the preceding strength governing parameters. We expect that, given the same fiber, aluminum should be more effective than polymer as a matrix binder material for high performance composites. We report on an experimental program to investigate the attributes of graphite-aluminum composites.
Experimental Program
The experimental program consists of selecting one spool of VSB64 pitch-base graphite fiber. Materials properties are listed in Appendix II and fabrication details are in accordance with standard ASTM practices. Specimens are sequentially made from the spool according to the following sequence starting from the beginning of the spool to the end of the spool:
1. Single filament fiber specimens. 2. Composite strand specimens with epoxy impregnation.
3.
Composite wire specimens with aluminum impregnation. 4. Composite strand specimens with epoxy impregnation. 5. Single filament fiber specimens.
The statistical strength properties of the respective specimens were thoroughly charac-
.90 terized by tension test of an adequate number of specimens with respect to the observed scatter. That is, the number of test specimens are proportional to the variability observed. The testing methodology for each type of specimens are described in the Appendix I. This specimen allocation allows us to bracket the fiber strength variations within the spools so that an unambiguous relation between the graphite fibers and their composites can be established.
Results and Discusion
The results of the tension strength tests of each of the five specimen groups (as described in the "Experimental Program" section) are tabulated in Appendix III. From these data sets, we desired to examine the strength variability within the spool by comparing the strength at the beginning of the spool (data from Specimen 1) to the strength at the end of the spool (data from Specimen 5). If the strength variations are within the range of experimental resolution, we may infer that the constituent fibers in the composites Specimens 2, 3, and 4 are uniform and that they are from the same population. This would provide justification for merging data from Specimens 2 and 4 to form an unbiased representation of the graphite/ epoxy composite strength.
This merged graphite/epoxy strength can be then compared to the graphite/aluminum strength from Specimen 3. Because of the statistical nature of the strength data such careful bracketing is necessitated in order to provide meaningful confidence level of the inferred conclusions.
In order to interpret the tabulated strength results we will select an appropriate statistical model, estimate the parameters of the model given the data from the respective specimens, then finally compare the parameters in accordance with the strategy outline previously. The two parameter Weibull model Eq 1 is selected to analyze the strength data. The selection is based on the physical failure process and substantiation by former experimental experiences (as described in the "Background" section). The shape a and scale P parameters for a given data specimen are obtained using the maximum likelihood estimator (MLE) numerically implemented based on the variable metric algorithm (BFGS) or the conjugated gradient algorithm (Beale). The confidence interval of the estimated parameter given a specimen data is calculated from Baye's formula
where f(a, P3[D) = posterior density given the data D, f(DI a, 0) = density of the data. and f(a, 0) is the prior density.
A flat prior f(a, 13) = constant is used in all of the calculations herein.
Following the preceding procedure, the strengths of the fiber filament at the beginning of the :,pool (Specimen 1) are represented under lineanzed Weibull cumulative distribution function and presented in Fig. 2a . We note, consistent with previous discussion, the large variation of the filament strength (indicated by a = 4.8 or approximately a coefficient of variation of 25%). Figure 2b presents the posterior density of the parameters a, 03. This density is a measure of the confidence of the parameter estimation given the current data set; the more peaky the density, the more confident the estimation. The equi-confidence contours of 5, 50, 90, and 95% of the posterior density function are presented in Fig. 2c . The interpretation of the 5% innermost contour is that the parameters measured by another specimen of equal size will have a 5% probability of lying within this contour.
The corresponding representation of the fiber filament data at the end of the spool (Specimen 5) are presented in Figs. 3a, 3b , and 3c. The dashed curves in these figures are transferred from (Specimen 1). Comparison of the numerical values of the shape a and scale 03 parameters (and also from cursory comparison between Fig. 2 and Fig. 3) suggests that the statistical strength of the fiber filament at the beginning and from the end of the spool are similar. This is confirmed by the Chi-square tests which indicated that there is over 50% probability that the two specimens are the same. It is therefore justified to merge Specimens 1 and 5 together to represent the statistical strength of the fiber filaments as presented in Fig. 4 .
The graphite/epoxy data from Specimen 2 and Specimen 4 are interpreted in similar manner. They are inferred to be similar, and the two data sets are merged to form one combined data set which is presented in Fig. 5 . Physically, it means that the two graphite/ epoxy specimens which bracket the graphite/aluminum specimens belong strength-wise to 114 METAL MATRIX COMPOSITES the same population. The dashed curve is transferred from the filament strcngth distribution (Fig. 4) .
The graphite/aluminum data (Specimen 3) is in the center of the bracket and can be interpreted directly. The statistical strength of this graphite/aluminum composite is presented in Fig. 6 . The dashed curves are transferred from Figs. 4 and 5 for comparison.
Interpretation
We collected a carefully planned and implemented data base of the parent fiber (Fig. 4) , their graphite/epoxy composites (Fig. 5) , and their aluminum composites (Fig. 6) . For quantitative comparison, the respective value of the parameters are tabulated in Table 3 .
We noted that current high performance graphite fibers have a natural high scatter and will have unavoidable early failures. This is observed and presented in Fig. 4 . According to the physical failure process of composites, the role of the matrix binder is understood to provide local microredundancy around the early weak fiber failure sites. From Fig. 5 , we note, consistent with the failure process, the epoxy matrix leads to a dramatic reduction of the scatter (a = 23.5 or a coefficient of variation of 5%).
From consideration of the parametric roles of stiffness, strength, and ultimate strain capacity, we surmise that aluminum could be a superior matrix material in comparison to polymeric matrix. The higher stiffness of aluminum minimizes the zone of load sharing (the ineffective length). The higher strength maximizes the magnitude of load sharing. The higher ultimate strain capacity increases the fracture toughness around the stress singularity of broken fiber end. Figure 6 confirms that aluminum leads to an even greater reduction of scatter (a = 39.3 or coefficient of variation of 3%).
Condkuom and Recommendadons
This investigation identified and quantified the role of aluminum matrix in reducing strength scatter. This attribute of metal matrix is not generally recognized. It is of great practical importance in reducing strength dependence on the size (or volume) of a structure. A shape parameter change from 20 to 40 will result in a minimization of strength reduction by 250%. In other words, it is feasible to build large graphite aluminum structures with high structural efficiency (higher stress) and high reliability.
The results of this investigation suggest additional explorations in the following areas:
1. Strength size effect. 2. Stress singularity around broken fiber tip in the presence of matrix with plasticity.
APPENDIX I Experimental Method of Graphite-aluminumi Tension Test
This appendix describes the experimental methods for measuring the tensile strength of graphite-aluminum composites. The specimen configuration considered herein is that of a strand (wire) which is a matrix impregnated tow of graphite fibers. Specifically in this investigation, the matrix is 6061 aluminum and the tow consists of 1000 fiber ends. The constituent properties of the fiber and the matrix are listed in Appendix I. The composite wire is nominally straight as fabricated, and multiple wires can be consolidated into tapes which can in turn be consolidated into laminae, then laminates, finally, the end structure. Hence, the composite wire may be considered as the primary building block for graphite aluminum structures. A proper characterization of the strength properties of the wire is the basis for quantitatively assessing material process development and ultimately for predicting the strength and reliability of the end composite structure. For such purposes, the pertinent strength properties include: the mean, the variability, and the strength dependency on the size (volume) of the specimen.
Tensile Strength Properties Are Measured in This Investigation
Tension testing of composites is simple in concept but difficult in experimental implementation. In tension testing of homogeneous material, a specimen configuration of reduced cross section within the gage length (the "dog-bone" configuration) can be used to reduce the stress in the gripping region and to assure a uniform tension state of stress within the gage section. As a result, evaluation of each individual test datum is straightforward. Those with failure sites within the gage length are valid tests, and any strength variation within the valid test can be accepted as the characteristic of the material. Those with failure sites outside the gage length can be discarded with assurance that the underlying materials characteristic will not be biased.
However, for heterogeneous composites, the reduced cross-section solution is not always applicable. In fiber reinforced composites, the stiff fibers carry the primary portion of the load, and the transfer of the gripping force (which is in shear) to the interior fibers depends on the shear transfer ability of the matrix. The complex state of stress in the grip area increases the likelihood of failure in the grip vicinity therefore does not provide the representative strength value. On the other hand, identification and censoring of these specimens are not straightforward. For a specimen of slender configuration under tension, propagation of stress wave initiated from the failure site causes multiple secondary failures sites breaking the specimen into many segments rendering the identification of the original failure site exceeding difficult and uncertain. In this investigation, we developed experimental methods to:
1. Increase the shear transfer capacity of the adhesive between the grip and the specimen. 2. Increase the shear transfer capacity of the matrix in the neighborhood of the grip. 3. Protect the specimen from fragmentation by the failure initiated stress wave, thereby allowing positive identification whether failure initiated around the grip vicinity and unambiguously accept or censor a specific test datum.
Gripping Method of Composite Wire Specimen
Conventional method of load introduction by adhesive bonding of the specimen to a tab has two limitations. The first limitation is that there exist a high shear stress concentration where the tab terminates toward the gage section, this lead to adhesive failure and loss of dtfinition of the gage dimension. The second limitation is that the applied tension from the testing machine is transferred through shear of the adhesive into the specimen which in turn transfers via shear of the matrix into tensile load of the fiber. The shear stress is maximum at the bonding adhesive and decreases to zero at the interior center of the specimen. This nonuniform stress distribution gives rise to a tension peeling stress at the edge of the tab and specimen interface. Such peeling tension stress is known to severely reduce the adhesive strength.
To overcome these limitations, we developed a tubular tab to fully enclose the wire. The tubular tab is made of thin-walled copper tubing with an internal diameter to give nominal 0.01 mm (.004 in.) diametrical clearance with the wire. Prior to bonding to the specimen the copper tube is annealed and de-scaled in an acid bath. Graphite/aluminum wire specimens are cut to length with diameters and the weight measured and recorded. Appropriate fixtures are designed to assure the concentric alignment of the tubular tab and the wire specimen at the proper gage location. An anaerobic adhesive is injected into the space between the tubular tab and specimen and allowed to set. Specimens are now ready for tension testing.
For measuring the intrinsic strength (that is, the short time static strength) of the composite wire, chucks (commercially available for jeweler's lathe) are mounted to a universal tension testing machine with precision alignment to minimize any bending. Special jaws are sized for tubular tab such that when the jaws are fully tightened in the chuck, the tubular tabs are subjected to a 1.5% diametrical strain. Since the jaw reduces tab diameter uniformly, a state of hydrostatic compression strain is applied to the specimen and adhesive in the bonding region. This state of hydrostatic strain is retained by the strain hardening action of the copper tubing. This hydrostatic strain provides two important functions:
1. The hydrostatic stress simultaneously cancels the tension peel stress and increases the strength of the adhesive. 2. The hydrostatic stress is uniformly transferred to the composite and increases the shear strength of the matrix.
The combination of these two functions leads to minimization of failure in the grip vicinity to less than 5% of the specimens tested. M 0. a -1 
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